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ABSTRACT 
Effect of crosslinking of Kevlar laminate with polyvinyl 
butyral (PVB) and phenol formaldehyde (PH) resin to the 
ballistic resistance was examined. Curing conditions for this 
study were 1000 psi for 10 min. at 120 c, 150 C and 180 c. 
Evidence of crosslinking was studied by acetone extraction, 
fiber-matrix interfacial bond strength and dynamic mechanical 
analysis. It was found that the phenol portion of the resin 
was almost fully cured at the curing conditions given in this 
study. The degree of crosslinking was influenced more by 
curing temperatures than by resin compositions. Results from 
all three tests correlated well with ballistic resistance. It 
was found that dynamic mechanical analysis was sensitive 
way of detecting the crosslinking effect of PVB + PH resin 
system. From the evaluation of the data coupled with 
consideration of practical usability of the laminates, it was 
concluded that resin compositions between 20% and 60% have a 
potential for optimal ballistic performance. 
Thesis Supervisor: Dr. David K. Roylance 
Title: Associate Professor of Materials Engineering 
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INTRODUCTION 
The resin system currently used in U.S. Army ballistic 
protective helmets was originally developed by Debell & 
Richardson, Inc.[l] for nylon helmet liners in early 1960's. 
The res in consists of phtha 1 ic anhydride catalyzed phenol 
formaldehyde (PH) and polyvinyl butyral (PVB). The ratio of 
these two components for current ballistic helmets is 1:1 by 
weight. There are some mechanical study reports on various 
PVB + PH . . [ 2] d . . . compositions an variations on processing 
conditions such as pressure and resin content, etc.[ 3 ] 
However, optimization in terms of resin composition and 
processing conditions is not yet achieved. This study 
at tempted to accompl iah this goal by determining mater ia 1 
behavior for various processing conditions. As a first 
step, laminate specimens with seven different PVB PH 
compositions were examined with only one processing 
variable, temperature. The effects of crosslinking on 
fiber-matrix adhesive bonding dynamic mechanical behavior 
ana ballistic impact energy absorption were examined. 
Acetone extraction was used to study the degree of 
crosslinking in the resins. 
It was found that the degree of crosslinking was more 
influenced by curing tempera tu res than resin compositions. 
8 
With the curing conditions given in this study, 
portions of the resin were almost fully cured. 
the phenol 
Since the 
time scale of ballistic impact is very short, it is not 
possible to have a direct quantitative relationships between 
ballistic kinetic energy absorption and ex-transition 
damping. However, genera 1 trend be tween them in terms of 
curing temperatures (which is directly related to the degree 
of crosslinking) was similar. 
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BACKGROUND ON PVB/PH RESIN SYSTEM 
A) Phenolic Resin 
Phenolic resins have been in commercial use longer than any 
other synthetic polymers except cellulose nitrate.[ 4 ,SJ They 
are based almost exclusively on the reaction products of 
phenol and formaldehyde. Depending on the catalysts used 
and the mole ratio of formaldehyde to phenol(F/P), either 
novolac or resole resins are formed.[ 6 ,?] 
Novolac resins are formed in the presence of acid 
catalysts with mole ratio of F/P less than one {F/P<l). The 
methylol derivativ~s condense exothermally with phenol to 
form linear polymers with randomly connected methylene 
bridge. 
Ofi OH 
+ 6 ., 
Resole resins are formed in presence of alkaline 
catalysts with F/P ratio greater than one (F/P>l). Resole 
resins are similar to novolac but contain reactive methylol 
groups that can be condensed to a network structure. 
Thus, the formation of resoles and novolacs, 
respectively, leads to the production of one-stage and 
two-stage phenolic resins. In two-stage or novolac resin, 
10 
+ nH;P 
additional formaldehyde is needed to form a croaslinking by 
self condensation. It is common practice to add 
hexamethylene tetramine (HMTA)[ 4 ,S] which decomposes in the 
presence of heat and moisture to give formaldehyde and 
ammonia. 
Drumm et studied cross linking of 
phenol-formaldehyde novolac resin by means of dynamic 
mechanical measurement using torsion pendulum method. They 
summarized that the degree of crosslinking of a 
phenol-formaldehyde novolac by HMTA increases with the 
concentration of crosslinking agent, the temperature of 
cure, and the time of cure. They also concluded that the 
amount of HMTA required for complete crosslinking is 
approximately 10%. 
Mackey et al[ 9 ] have examined the effect of structure 
on cure for a series of novolacs with 10% HMTA through the 
use of torsion braid analysis (TBA) and differential 
scanning calorimetry (DSC). Two transitions were noted 
during cure and were identified as gelation and 
vitrification. They also observed that the para position to 
the OH group forms a crosslink with HMTA more readily than 
an ortho position. 
Chow et al[l0 J compared phenol-formaldehyde novolac and 
resole systems by DSC technique. In this study chey 
observed tha.t the resole resin showed e,ndothermic curing 
1 1 
•- -------------------------------------------------
reaction at about 150 c, while the novolac-type (crosslinked 
with HMTA) resin showed an exothermic peak maximum at about 
160 c. 
The resin system of this study is basically same as 
Margosiak's[l] system which is acid catalyzed 
phenol-formaldehyde, with trimethylol phenol as a 
crosslinking agent, blended with polyvinylbutyral (PVB). 
B) Polyvinyl Butyral 
Synthesis of polyvinyl buty~al (PVB) involves, firstly, 
the preparat\on cf polyvinyl alcohol (PVOH) by hydrolysis of 
polyvinyl acetate (PVAC). Subsequentely, the PVOH is 
condensed with butylaldehyde (-(cH 2 ) 2cH 3CHO). 
It can easily be expected that these reactions may not 
go to completion since many steps are involved. 
polyvinyl acetal blends 
unreacted PVAC and PVOH I 
may contain about 
[11] 
respectively. 
1% and 
In this 
Typical 
10% of 
sense, 
polyvinyl acetals should strictly be regarded as random 
vinyl acetate-alcohol copolymers containing a ralatively 
small proportion of PVOH units. This incompleteness of 
acetalization (i.e., PVOH content) greatly affected to its 
thermal, mechanical and di~lectrical properties.[ll,l 2 ] 
. [13 14] The f 1nal products may be ' 
12 
PV Acetal PVOH PVAC 
A, B and C moieties are randomly distributed along the 
molecule. 
Polyvinyl acetal blends (in this case PVB) crosslinks 
itself by transacetalization due to the residual OH group 
from unreacted PVOH.[l 3 ] It may also involve more complicate 
reactions between acetate or hydroxyl groups on adjacent 
chains.[l 3 ] 
C) PVB/PH Resin System 
Polyvinyl butyral-phenolic resin blends are quite 
frequently used as structural metal adhesion.[l 3 ,l4 ] The 
polyvinyl acetal serves as a coreactant, flexibilizing agent 
and flow control component. 
PVB/PH system showed superior peeling strength over any 
other polyvinyl aeetal/PH Rystem.[G] Caswell[lS] reported 
that the PVB/PH system showed superior properties to either 
of the PVB (thermoplast) alone or the phenolic (thermoset) 
alone. The toughness, flexibility and elasticity of 
thermoplast ( PVB) is retained, while phenolic reduced the 
susceptibility to heat or solvent action. 
Cohen et 1 [13] a ' in their chemica 1 interactions in 
polyvinyl formal-phenolic resin system, they proposed three 
possible reactions between three components. 
13 
(1) Reaction between PVF (self condensation) 
(2) Reactions between PH (self condensation) 
(3) Reactions between PVF and PH (co-condensation) 
From their investigation, they concluded that PVF can 
crosslink each other through their residual hydroxyl groups 
and these hydroxyl groups can also react with phenolics. 
Acid catalysts and heat seemed to bu required for these 
reactions. 
Proposed crosslinking reactions 
ace ta 1 and phenol-for ma '.dehydt! is: [ 14 ] 
be tween polyvinyl 
Acetal 
2 ( I 
OH ) + 
Ac et.al 
I 0 OH OH 
I .A Phenolics _A 
H2Cy----------- v-r2 + 2H20 
CH3 ___._I_ 
Acetal 
D) Curing Process 
Curing process in thermoset resin involves two distinct 
transformations. Ge la tion which is the transformation of 
viscous liquid to an elastic gel and vitrification which is 
the transformation of viscous liquid or elastic gel to 
glass. 
14 
Gelation is characteristic of thermosets, and it is of 
foremost significance. From a processing point of view, 
gelation is critical since the polymer does not flow and is 
no longer processable beyond this point. Gelation is 
dependent on the functionality, reactivity and stoichiometry 
of the reactants and typically occurs between 55 and 80% 
. [l 6 ] d th 1 . t t' d conversion. Beyon e ge poin , reac ion procee s 
toward the formation of one infinite network showing 
substantial increase in crosslink density, glass transition 
temperature, and ultimate physical properties. 
Vitrification is another phenomenon, distinct from 
gelation, that may occur at any stage during curing. This 
transformation (from a viscous liquid or an elastic gel to 
glass) begins to occur when the glass transition of growing 
polymer chain or network rises to the isothermal temperature 
of cure (T =T )[l?J. Further curing in the glassy state g cure 
is extremely slow and, for all practical purposes, 
vitrification brings an abrupt halt to curing, i.e., onset 
of vitrification causes a shift from chemical reaction 
control to diffusion control. Vitrification is a reversible 
transition, and cure may be resumed by heating to devitrify 
the partially uncured thermoset. 
A time-temperature transformation (TTT) diagram of 
curing, which was developed by Gillham et al, [l 7 - 21 J is a 
useful tool for illustrating these phenomena. Such a 
15 
diagram would permit time-tempera tu re paths for cure to be 
chosen so that gelation, vitrification and phase separation 
occured in a controlled manner and conseqtJentely give rise 
to predictable properties of the thermosetting matrix. 
Full and complete cure will only be occured when the 
curing temperature is above T • g 
Series of experiments of two epoxy systems, using 
torsion braid analysis (TBA), Peng et al[ 2l] calculated 
activation energy for full cure, gelation and 
vitrification. Ac ti va ti on energy for cure was much higher 
than those for gelation and vitrification. This is a 
consequence of the cure reactions being controlled by 
physical relaxations in the glassy state. An emperical 
relation of T -T -Time for cure in vitrified state has g cure 
also been developed which permits computation of the glass 
transition temperature from the experimental cure 
temperature and time. 
In this study, crosslinking reaction behaviors of 
PVB/PH system were examined by Rheovibron and the degree of 
crosslinking was determined by acetone extraction method. 
These are then related to the ballistic impact properties. 
16 
EXPERIMENTAL DETAILS 
A) Materials 
!)Resins 
Catalized phenolic (PH) resin modified with polyvinyl 
butyral (PVB) resin was compounded with seven different PVB 
: PH compositions by Lewcott Chemical Co., Milbury, MA. The 
seven PVB : PH compositions were 0:100, 20:80, 40:60, 50:50, 
60:40, b0:20, 100~0, respectively. Phthalic anhidride was 
used as a curing accelerator. 
The formulations of these resins given by Lewcott 
Chemical Co. are listed in Table 1. 
2) Fabric 
14 oz/yd2 Kevlar-29 2x2 hasket woven fabrics without water 
repellent treatment were used. 
B) Preparation of Laminates 
Kevlar-29 prepregs of 7 different resin compositions 
(see Table 1) were prepared by Lewcott Chemical Co. Resin 
contents of the prepregs were approximately 17% (see Table 
2). Resin content (R ) 
c 
calculated as follows: 
of prepregs and cured panels were 
17 
Table 1. Formula for 7 Resin Compositions {parts by wt.) 
PVB Phenol Phthalic Mold Fumed 
{ % ) PVB Formaldehyde Anhydride Solvent Release Silica 
0 0 300 0 0 0.5 5 
20 50 199.8 6 120 0.5 0 
40 80 120 9.6 220 0.5 0 
50 100 100.2 12 251 0.5 0 
60 120 79.8 14.4 280 0.5 0 
80 160 40.2 19.2 380 0.5 0 
100 160 0 19.2 460 0.5 0 
18 
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Table 2. Resin Content of Prepregs and Cured Kevlar / 
PVB + PH Laminates (wt. %) 
of Curing Temp % PVB 
Plies ( C) 0 20 40 50 60 80 100 
----------------------------------------------------------------------
Uncured 17.47 20.53 20.30 26.77 25.56 19.60 22.72 
120 23.14 20.04 17.16 19.25 24.24 21.68 20.77 
1 150 18.02 20.05 15.02 21.90 21.25 20.53 23.86 
180 18.17 18.40 15.47 24.51 16.88 21.08 23.20 
----·------------------------------------------------------------------
120 17~36 17.60 18.58 25.81 21.14 19.17 20.65 
2 150 19.64 21.92 16.98 16.35 16.35 19.76 18.21 
180 22.36 16.98 16.22 14.40 16.10 18.58 18.58 
----------------------------------------------------------------------
120 18.92 20.34 18.69 21.90 19.60 20.98 21. 56 
3 150 19.03 22.60 18.39 19.48 18.89 19.91 18.82 
180 18.76 21.97 17.08 17.96 17.88 22.47 22.40 
19 
Screen #1 Screen #2 Screen #3 Screen #4 
Specimen 
0. 3051m ---- 0. 209Qm.......! (;- 0. 2090m II I' 0. 3046m---; 
He gas 
Pressure Trigger 
Gauge 
Figure 1. Schematic diagram of ballistic testing range. 
20 
( l ) 
where M1 and M0 are mass of coated and uncoated panels, 
respectively. 
These prepregs were cut to 12xl2 inch squares and then 
molded in a hydraulic press at 1000 psi for 10 minutes. 
Specimens were prepared at three curing temperatures: 120 c, 
150 C and 180 c. The temperatures were measured by a digital 
thermocouple by placing the probe between the specimen and 
the top plate. After curing, the specimens were placed 
beneath weighted aluminum plates to minimize distortion as 
they cooled. 
C) Ballistic Experiments 
Kinetic energy absorption during the ballistic 
penetration was measured in the Natick R & D Center 
Ballistic range. Four light screens which were connected to 
an electronic counter placed as shown in Figure 1. Specimens 
were placed on center of the range and striking velocity and 
residual velocity were obtained from time t 1 , between first 
and second screen and time from t 3 , between third and fourth 
screen, respectively. The projectiles were 17-grain right 
circular cylinder fragment simulators. 
Specimens were placed between firmly tightened aluminum 
plates, leaving five l" diameter circle holes on center area 
21 
Table 3. Gel Contents of Laminates Estimated by Acetone 
Extraction of Laminates {unit: %) 
Pre pre gs 120 c 150 c 180 c 
---------------------------------------------------------------------
PVB Soluble Soluble Soluble Soluble 
% Gel Polymer Gel Polymer Gel Polymer Gel Polymer 
0 41.64 58.35 90.18 9.82 100. 0. 100 0. 
20 26.57 73.43 79.18 20D82 94.73 5.27 100 0. 
40 41.20 58.80 73.61 26.39 92.47 7.53 97.95 2.05 
50 32.18 67.82 69.25 30.75 93.94 6.06 99.54 0.46 
60 44.08 55.92 71.22 28.78 87.51 12.48 97.98 2.02 
80 26.80 73.20 60.55 39.45 86.07 13.93 95.73 4.27 
100 39.15 60.85 32.52 67.48 46.30 53.70 59.91 40.08 
22 
ard only four side holes which are aparted by 4" each other 
were used for experiment. Average striking velocity was 
310.28 m/sec. Four experimental values per each specimen 
were obtained and averaged. 
Kinetic energy absorption (KE) of laminates were 
obtained from difference between striking velocity (V ) and 
s 
residual velocity (V ) 
r 
which are obtained assuming 
projectile mass (M) is constant during the penetration of a 
target. 
KE = 1/2 M(V 2 - V 2 ) 
s r 
( 2 ) 
D) Acetone Extractions of Laminates 
Laminates were cut approximately 1/4" x 1/4" (ca. 0.7 
gm) in size and immersed in acetone ( 30 cc) for 48 hours 
hoping to dissolve all soluble polymers and assuming that 
all dissolved polymers are from uncrosslinked resin. These 
specimens were then filtered and weighed after complete 
evaporation of solvent. The percentages of soluble polymers 
and the gel were determined from the difference in weight of 
resin part before and after acetone extraction (see Table 
3) • 
( 3 ) 
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Table 4. Bond Strength of Kevlar Laminates (in-lb/in) 
Curing Temperature( c) 
% PVB 
120 150 180 
0 .73 2.02 3.09 
20 3.19 3.38 3.82 
40 7.81 7.78 6.91 
50 11.94 8.79 9.00 
60 8.15 8.57 8.34 
80 9.53 9.69 7.13 
100 2.66 8.03 10.33 
24 
where M1 and M2 are masses of the specimens before and 
after acetone extraction, respectively. 
E} Peel Test of Laminates 
Bond strength of two plied laminates were measured by 
peel test with Instron tester (Table 4). The testing 
conditions were: 
specimen size 1/2" x 2" 
testing jaw width 1 II 
gaps between jaws 3/8 11 
separating speed 5 mm/min 
Layers were separated along at least l" of length. 
Five highest and five lowest peaks were picked and 
averaged. Six specimens per each specimen were tested. 
F) Dynamic Mechanical Analysis 
Automated Rheovibron DDV-II-C (Auto-vibron) from !mass 
Company was used for dynamic mechanical properties of 
laminates. Testing conditions for laminate specimens were: 
specimen size 
frequency 
. 
. 
. 
. 
temperature range 
0.5 cm (width) 
2.2 cm {length} 
approximately 0.051 Cm (thickness) 
11 Hz 
Room temperature to 250 C 
25 
All tests were done in a nitrogen environment. 
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RESULTS AND DISCUSSIONS 
A) Acetone Extraction 
Figure 2 and Table 3 show the soluble fraction of 
resins before and after ~uring as functions of PVB 
compositions and curing temc>era tures. Since it is assumed 
that \ gel shown in the figure is mainly due to network 
format ion, it can be represented as the order of 
crosslinking density. As shown in Table 3, prepregs 
(slightly cured laminates) already have a significant amount 
of crosslinking. In Figure 2 gel % of cured specimens are 
plotted against PVR compositions and curing temperatures. 
As can easily be seen, the influence of curing 
temperature is pronounced. That is, degree of crosslinking 
was higher with increasing curing temperature and lower with 
increasing PVB composition. Two interesting observations to 
mention at this point are, first, that the middle portion of 
the curve, particularly 40% - 60% PVB composition region for 
all curing temperatures, the difference is not significant 
(the trend is nearly flat). This is interesting because 
this region has a practical importance. Secondly, at 100% 
PVB composition, the values are drastically dropped and more 
interestingly those were increased with curing temperatures 
significantly. This may be possible since hydroxyl residues 
in PVB could react each other (self condensation) and form 
27 
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crosslinks. However, the quantities are obviously smal 1. 
Similar reactions were observed by Cohen et al[l3] and 
McCrum.[ll] 
Since there are two components in resin system, it is 
not unreasonable to assume the possibility of three ways of 
crosslinking in this resin system. One will be the 
crosslinking between phenol formaldehyde resin molecules[ 22 ] 
creating three possible methylene bridges on phenol (2 
orthos and l para positions). Second reaction could be PVB 
itself which is mentioned above. Thirdly, the crosslinking 
between PVB and PH. Assuming crosslinkings of pure phenol 
and pure PVB are represented by 0% and 100% PVB 
compositions, respectively, and applying these two fractions 
equally to all specimens, sum of the two contributions (c12 ) 
was calculated as follows: 
( 4) 
where K=C 0 c100' and c0 and c100 are crosslinking 
densities (% gel) of 0% and 100% PVB compositions, 
respectively. 
As can be seen in Figure 2a and Table 5, c12 was 
smaller than overall cross linking indicating there are other 
crosslinking reactions as expected above. One of the most 
probable reactions may be PH-·PVB crosslinking ( c3 ). There 
are evidences of this reaction[l 3 ,l4 J and, again, unreacted 
29 
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Table 5. Analysis of the networks formed by Phenol,Aldehyde 
and PVB. 
c12= Sum of Phenol - Aldehyde networks and 
PVB-PVB networks 
C3 . Networks formed between Phenol and . 
PVB. 
Curing Networks PVB Compositions (%) 
temp. 20 40 50 60 80 100 
Prepreg c12 41.14 40.66 40.40 40.15 39.65 
c3 .50 .98 1.24 1.49 1.99 
120 c c12 90.18 78.65 67.12 61.35 55.58 44.05 32.52 
C3 0.0 .53 6.49 7.90 15.64 16.50 0.0 
150 c c12 100.0 89.26 78.52 73.15 67.78 57.04 46.30 
c3 0.0 5.47 13.95 20.79 19.73 29.03 0.0 
180 c c12 100.0 91.98 83.96 79.96 75.95 67.93 59.91 
c3 0.0 8.02 13.99 19.58 22.03 27.80 0.0 
31 
hydroxyl residues in PVB are responsible to this reaction. 
where CT is experimeatal values of 
(overall crosslinking). 
( 5) 
cross linking 
c12 and c3 are plotted in Figure 2a against PVB 
compositions. From the plot it can be seen that PVB-PH 
crosslinking (c3 ) is increasing nearly linearly as c12 is 
decreasing. This indicates that the more PVB composition 
the more PVB-PH crosslinking is involved. 
B) Effect of Fiber-Matrix Interfacial Bonding 
Figure 3 and Table 4 show the fiber-matrix bonding 
strength vs. PVB compositions as well as curing 
temperatures. Some fluctuations in these data are probably 
due to the localized poor adhesion and thus uneven 
fiber-matrix interfriction. During this experiment, all 0% 
PVB composition specimens exhibited the separation ma inly 
between fiber and matrix. With the lowest value shown in 
Figure 3, this indicates that highly crosslinkable phenol 
may produce strong bonding by itself via crosslinking 
reaction, but, exhibit weak fiber-matrix interfacial 
bonding. Other specimens show mainly separations between 
matrix rather than fiber-matrix separation. By increasing 
PVB which is rubbery part of the system, the strength was 
increased. Except specimens of 50% and 100% compositions 
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cured at 120 C, general trend shows rather rapid increase 
until around 40% PVB compositions and flattened above that 
region. 
C) Dynamic Mechanical Analysis 
Dynamic mechanical analysis is a useful tool for 
studying the crosslinking of thermoset materials. In 
general, during the dynamic mechanical measurement with 
continuously increasing temperature, materials with higher 
crosslinking show a shifting of the glass transition 
. [23-26] temperature to a higher temperature. Should there be 
further cross linking reactions as increasing temperature, 
the storage modulus E' increases and tan o decreases. [B] 
Figures 4 to 10 are the plots 0f E' and tan 6 as a 
function of temperature. Since there are two components in 
the resin system, it is expected to produce two different 
values of T • The tan 6 peak at lower temperature is the g 
a-peak of PVB (T91 ), while a-peak of phenolic (T92 ) is shown 
at higher temperature. From figures 4 to 10, it is clear 
that curing temperature is the dominant factor in 
crosslinking formation by observing the shifting of T to g 
the higher temperature with increasing curing temperature. 
T shifting to the higher temperature can be interpreted on g 
the basis of changes in free volume. C23 J Chemical 
crosslinking, by bringing adjacent chains close together, 
reduces the free volume and hence raises T • g 
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The crosslinking generally increased with phenol 
formaldehyde composition. This can be observed from 
lowering and broadening tan 6 peak as phenolic composition 
increases. 
Due to high crosslinking of phenol portion of the resin 
(see Table 3), peaks for phenol are broader and even merged 
with PVB peaks. More specifically, PVB characteristic of 
20% PVB prepreg specimen is almost completely overlapped 
with broaden phenolic characteristic due may be to dominancy 
of cross linking of phenolics. As increasing PVB 
composition, the peak become broader and nearly separates 
the two characteristics at 80% PVB composi U ons. Tgs for 
pure PVB and pure phenolic were estimated by peak 
temperatures of uncured 100% PVB (66 C) and 0% PVB (110 C) 
compositions, respectively. Due to the broadening the tan 
peak by highly crosslinked phenol, Tg 2s for phenol were not 
clear. However, by examining tan 6 and E 1 data, it was 
found that post curing was occurring right after Tg 2 of 
phenol. Since crosslinkings of phenol are very high as 
shown in Table 3 (90.18% for 120 c, 100% for 150 C and 180 c 
cured specimens), Tg 2 shifting and height of the peaks do 
not show any pattern. However, Tgl s of PVB portion show 
reasonably significant sh if ting and lowering the height of 
the peaks (see figures 4 to 10). This may be due to the 
combined effect of crosslinking of pure PVB and PVB-PH 
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crosslinking as discussed in previous section. 
0% PVB specimens at 150 C and 180 C showed broad peaks 
at the temperatures greater than 160 c. Drumm et al[B] also 
observed similar behavior on their oynamic mechanical 
measurement of novolac phenol. This probably is due to the 
consequence of decomposition. As mentioned briefly above, 
post curing reactions are occuring immediately after the 
glass transition of phenolics. In this region, storage 
modulus sharply inc~eased as tano decreased. The reaction 
goes to a completion in the flattening E' region. This 
phenomenon could be illustrated according to Gillham's 
h [l7 - 21 J v· 'f' d h l' · d · 'f' d t eory. itr1 ie p eno ic resin ev1tr1 ie at Tg 2 
and curing reaction started immediately. After full cure 1 
the resin vitrifies again by some decomposi ~ion reactions 
such as oxidation and chain scission etc. Except 0% PVB 
specimens cured at 150 C and 180 C specimens, post curing 
appeared below or equal to the temperatures of precuring 
took place {Table 6). 
As mentioned earlier, present study shows that the 
crosslinking effect was more significantly pronounced in T g 
of PVB portion {Tgl) rather than that of PH portion {T92 ). 
Therefore, it would be expected that specimens with 
lower PVB composition would have a higher overall degree of 
crosslinking than specimens with higher PVB composition, and 
that they, therefore, would have a lower value of tano at 
43 
Table 6. Post Curing Temperatures (Tg 2 ) During Rheovibron Test. 
%PVB uncured 
Post Curing(T 2 ) Temp ( C) 
120 c 1§0 c 180 c 
0 110 120 >160 >160 
20 116 125 127 144 
40 109 127 130 157 
50 107 130 122 143 
60 120 121 130 138 
80 116 128 128 150 
100 
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FIGURE 11. Ton d vs. temperature of uncured kevlar/PVB+PH 
laminates. (~)~(+)~(<>),(X)~(·),(v)~(~):0%-,20Y.-~40%-,50Y.-~ 
60%-~80%-,100Y.-PVB comoosltlons resoectlvelv. 
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FIGURE 14. Ton d vs. temperature of kevlar/PVB+PH laminates 
cured at l80~C, l000psl, t0min. (A),(+),(~),VC),(·),(V),(M): 
0Y.-,20Y.-,40Y.-,50Y.-,60Y.-,80Y.-,t00Y.-PVB comoosltlons resoectlvelv. 
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Table 7. Glass Transition Temperatures of PVB Portion 
{Tgl) and Tan o Values at T91 
Uncured 120 c 150 c 180 c 
\PVB Tgl Tan Tgl Tan Tgl Tan Tgl Tan 
20 107.3 0.321 78.9 0.100 81.7 0.080 106.0 0.064 
40 93.4 0.300 75.2 0.071 82.3 0.097 92.3 0.092 
50 89.1 0.308 66.4 0.159 71.5 0.105 98.4 0.054 
60 74.2 0.362 68.3 0.180 76.5 0.187 101.9 0.094 
80 66.3 0.3949 67.7 0.228 65.1 0.224 93.6 0.179 
100 66.2 0.303 67.8 0.264 69.8 0.266 79.8 0.276 
Note: Tgl in ( C) and Tan measured at T91 • 
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Tgl. This i8 observed in Table 7 and figures 11-14. For 
these reasons tan 6 value at Tgl could be another way of 
expi:essing degree of crosslinking. Furthermore, since the 
definition of tan 6 is the ratio of loss energy (loss 
modulus E") to storage energy (storage modulus E'), tan 6 
value at Tgl could be the indication of relative energy 
dissipation capability of this resin system. 
D) Ballistic Experiment 
Figure 15 shows kinetic energy (KE) absorbed by one 
layer of laminate per volumetric density as a function of 
PVB compositions. As could be expected, although the 
differences are very small, less energy absorption as 
increasing curing temperature was generally observed. 
Figures 16 and 17 show KE absorption as functions of 
PVB composition (figure 16) and areal densities (figures 16 
and 17). Here the linear relationships between KE absorption 
and areal density are clearly shown. Similar behavior was 
also reported on fabric specimens [ 23 ' 24 ]. Increasing rate 
of KE absorption with decreasing curing temperature shown in 
figure 17 indicates that the effects of crosslinking on 
ballistic impact were also followed similar pattern as 
others. In figures 15 and 16, it is shown that KE 
absorption values were reached maximum and stayed at about 
same value between 40% 80% PVB compositions. Also 
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observed in the figures are that the stiffening effect was 
more pronounced with increasing areal density at high 
phenolic compositions. At high PVB composition, although 
the energy dissipation capability (tan 6 at Tgl) is high, 
upon ballistic impact contact time was too short to 
dissipate energy with full capacity showing lower values 
than as expected. 
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CONCLUSION 
The preceding data indicate that crosslinking formation 
in thermoset resin is an important parameter for high impact 
resistance of Kevlar / PVB+PH laminates. Dynamic mechanical 
data and acetone extraction data indicate that overall 
degree of crosslinking seems increased with increasing 
phenol composition. And that in most cases, the postcuring 
occurred between 120 C - 150 c. 
Sufficient stiffness and ductility should be the 
governing factor on fiber-matrix interfacial bonding. This 
was observed in figure 3 rather insensitively after 40% PVB 
composition, where nearly maximum strength was reached. 
This insensitity was also found in ballistic kinetic energy 
absorption within the similar region (40% 
composition). 
80% PVB 
With the curing condition given in this study phenolic 
portion of the resin was almost completely crosslinked. For 
this reason, the effects of cross linking were more 
significantly pronounced in the glass transition 
temperatures of PVB portion than PH portion. This is shown 
in figure 18 which is the plot of tano values at the peak 
of as functions of PVB compositions and curing 
tempera tu res. As it is shown, tan detects the effect of 
crosslinking sensitively. 
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Although there is no direct quantitative relations 
between ballistic kinetic energy absorption and ~~transition 
damping of PVB, the general trends of effect of crosslinking 
were similar. 
With the conditions and data presented in this study, 
it is concluded that resin composition between 20% PVB and 
60% PVB have a potential for the optimum ballistic impact 
resistance. 
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RECOMMENDATIONS AND FUTURE WORK 
In this study curing temperature effect on crosslinking 
of this resin system was studied. To obtain optimum 
condition, it is necessary to examine pressure and time 
effect on the resin and composit systems. 
To obtain quantitative relationship between ballistic 
impact resistance and molecule 
dynamic mechanical analysis for 
needed. 
motion, low temperature 
13- or y-transitions are 
Chemical analysis which is excluded in this study is 
needed to quantify the crosslinks m0re precisely. 
Influences of 3 components namely PVB, phenol and 
reinforcing fiber on crosslinking kinetics are also 
important point to examine. 
Physical and morphological changes in structure under 
given curing condition seems to be important, since these 
p~rametera seem to be influenced in some cases. 
62 
BIBLIOGRAPHY 
1. S. A. Margosiak, Final Contract Report to Quatermaster R & D 
Command, Natick, Ma. Contract I DA19-129QM-828 (1960). 
2. M. Dennomi, M.S. Thesis, Lowell University (1964). 
3. A. L. Lastnick and C. Karageorgis, u.~. Army Natick R & D 
Center Technical Report I TR-84/030 (1984). 
4. R. w. Martin, "The Chemistry of Phenolic Resins", Wiley, 
N.Y. (1956). 
5. A. Knop, L. A. Pilato, "Phenolic Resins", Springer-Verlag 
(1985) 
6. L. T. Eby, H. P. Brown, "Thermosetting Adhesives: in R. 
L. Patrick ed., Treatise on Adhesion and Adhesives, vol 
II, Marcel Dekbet, N.Y. (1969) 
7. R. B. Prime, "Thermal Characterization of Polymeric 
Materials", ed. by E. A. Turi, Chapter 5, Academic Press 
Inc. (1981) 
8. Drumm, M. F., Dodge, C. w. H. and Nielsen, L. E., Ind. 
Eng. Chem. Vol 48 No. 1, 76 {1956) 
9. J. H. Mackey, G. Lester, L. E. Walker, J. K. Gillham, ACS 
Polymer preprint, 22(2], 131 1981 
10. S. Chow and P. R. Steiner, J. Apply. Poly. Sci. 23, 
1973 (1979) 
11. N. G. Mccrum, B. E. Read and G. Williams, "Analastic and 
Dielectric Effects in Polymeric Solid", Chapter 9, John 
Wiley (1967) 
12. A. F. Fitzhugh and R. N. Cozier, J. Poly. Sci., 8, 
225 (1952) 
13. s. M. Cohen, R. E. Kass and E. Lavin, Industrial & 
Engineering Chem., Vol. 50, No. 2, 229 (1958) 
63 
14. E. Lavin & J. A. Snelgrow, "Polylvinylacetal Adhesives" 
in Hanbook of adhesives, 2nd ed., Skeist ed., Chapter 31, 
Van Noctrand and Reinhold, N.Y. (1977) 
15. T. S. Carswell, "Phenoplastics", Interscience publishers, 
N.Y. (1947) 
16. P. J. Florry, "Principle of Polymer Chemistry", Cornell 
Univ. press, Ithaca, N.Y. (1953) 
17. J. K. Gillham, "Torsional Braid Analysis (TBA) of 
Polymers" in "Development in Polymer Characterization", 
J. V. Dawkins ed., Chapter 5, Applied Sci. publisher, 
159 (1982) 
18. J. K. Gillham, SPE. Proc. An. Tech. Conf., 38, 268 
(1980) 
19. J. B. Enns, J. K. Gillham, and R. Small, ACS Div Polym. 
Chem. preprints, 22(2), 123 (1981) 
20. J. K. Gillham, ACS, Div. org. coatings & plastic chem., 
preprints, 46, 9 (1986) 
21. X. Peng & J. K. Gillham, ACSr Div. c~g. coatings & 
plastic chem~, preprint, 46, 223 (1986) 
22. G. Odien, "Principles of Polymerization", 2nd ed. (1981). 
23. I. M. Ward, "Mechanical Properties of solid polymers", 2nd ed., 
John Wiley & Sons, Ltd. (1983). 
24. T. Murayama, "Dynammic Mechamical Analysis of Polymeric 
Material", Elsevier Scientific Publishing Co. (1978). 
25. Zorowski, C. F. and Murayama, T., Proc. 1st Int .. Conf. on 
Mech. Behav of Mater., Vol 5, Soc. of Mater. Sci., Kyoto, 
Japan, 28 (1972). 
26. T. Murayama and J. P. Bell, J. Poly. Sci., A2, 8, 437 
(1970). 
27. F. Figucia, c. Williams, B. Kirkwood, and W. Koza, 
Mechanisms of Improved Ballistic Fabric Performance, 
presented at Army Science Conference at West Point, NY, 
June 1982. 
28. Mascianica, Report No. AMMRC-TR-81-20 (1981), classified 
confidential. 
64 
